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1. INTRODUCTION

There are many different methods which have been proposed for
use, or are being used at the present time, to predict the random
vibration environments of modern aerospace flight vehicles. As a re-
sult, one is often faced with a dilemmma as to whici method to use for
a given situation. As & first step in deciding which method or methods
are most desirable for MSFC applications, all known vibration pre-
diction methods have been reviewed and critiqued with emphasis upon
their advantages and disadvantages. The results of this review and

“critique are presented in Reference 1. The next step is to make a
specific selection of optimum techniques for predicting the response

of structures to acoustic. aerodvanamic, and mechanical excitation
based upon the methods presented in Refcrence 1. Such a selection is
the subject of this report. It also presents a discussion and recom-
mendations regarding those techniques which appcar to hold the greatest

promise and which should be developed further in the near future.



2. SELECTION CRITERIJA

Six criteria were established and utilized in deciding which of the

various prediction methods are most suitable for immediate use in pre-

dicting vibration levels for vehicles of concern to MSFC.

are:

These criteria

a. The meihod must be fully developed to » point where it is
ready to use on typical launch vehicle structures with
presently available computational facilities and equipment.

b. The method should predict environmental vibration for all

critical periods during launch.

¢. The mcthod should predict reasonable values for present

MSFC vehicles.

d. Realistic consideration should be given to all of those
factors which are known to affect vibration response.

e. The cost and time required to use the procedure must be

ranaietont with the v.r:n‘o.mnn’g nf tha nrnaovam wndaw

cons:ideration.

f. Statistical information is desirable to allow reliability
» concepts to be incorporated into the selection of design

and test lcvels.

g- History of past use, if available, must be favorable.

Of the five basic prediction approaches discussed in Reference 1

{classical, multiple input, extrapolation, statistical energy, and model),

none of the approaches satisfy all of the above requirements. There-

fore, of necessity, the method chosen must be a compromise. Since

only extrapolation approaches fulfill selection criteria (a), they will

be the only ones considered further in this document.



3. PREDICTION OF VIBRATION ENVIRONMENT

The vibration enviromment of a launch vehicle is usually most
severe, and hence of concern for design considerationg’during liftoff,
transonic flight, and/or maximum dynamic pressure _fiight. In addi-
tion, localized areas on motor frame support ntructﬁre experience
significant levels throughout the period of motor burn. Therefore,
any techrique, or combinations thereof, must be able to predict the
vibration environments for ;ll of thesc conditions. '

There are two general types. of extrapolation procedures which
have been used in the past to prcdict_ the vibration environment induced
by the sources described above. The ‘ﬁrst consists of developing a
frequency response function from data mecasured on one or more ve-
hicles. This function is then used to prcd;ct levels on a2 new vehicle.
The necond ia to seale meanured d;ta Airectly fraom ane vehicle tn
another using aiandard scaling relation: 1ips. Idcally, a frequency
response function based upon a large amount of data from several
vehicles, would be preferable. However, in practice, data quality
2as bzen a problem. Furthermore, most of the frequency response
functions-have been developed based on data from only a few or perhaps
o-nly one vehicle. The frequency response function has not been defined
with as much confidence as would be desired, and the effects of the vari-
ous scaling parameters have not always been determined in a sound
manner. In the sections which follow therefore, consideration will be
Ziven to the usc of ecither a {requency response function approach, or a

data scaling approach, depending upon particular circumstances.



3.1 ACOUSTICALLY AND AERODYNAMICALLY

INDUCED VIBRATION

Several different extrapolation techniques for predicting acousti-
cally and aerodynamically induced vibration were described in Ref-
erence 1. Each can be classified as a frequency response function

method, or as a scaling technique, as follows:

Frequency Respon=~e Tunction Approach

Mahaffey and Smith Method

Brust and Himelblau Method

Eldred, Roberts, and White Method No. 1
Eldred, Roberts, and White Method No. 2
Curtis Method

Franken Method

Winter Method No. |}

Scaling Approach

Condos and Butler Method
Barrett Method
Winter Method No., 2

If the vehicle under consideration is significantly different from other
vehicles, or if insufficient data are available for scaling from similar
vehicles, then the frequency response function approach should be used.
However, if sufficient data are available from similar type vehicles,
then a scaling approach should be used. The selection of the optimum
techniques, according to the above criteria, will be made from the

methods listed above.



3.1.1 Scalinp from Frequency Response Function

Table 1 presents a summary of pertinent details regarding fre-
quency response function prediction mecthods. A study of this table,
and detailed information presented in Reference 1, indicates that the
following procedures should be given further consideration: Brust and
Himelblau, Franken, and Winter Method No. ). To accomplish this,
tank skin levels were predicted for zone 5-1 of the Saturn I, Block II
vehicle during static firing conditions using these techniques. The cal-
culations, results, and comparison with measured values are given in
Appendix A. As can be seen, the Brust and Himelblau, and Franken
methods give results which in general, are too low and do not approxi-
mate the spectrum very well. However, the Winter me*hod gives a
good approximation to the measured spectrum, and envelopes the data
very well except for the peak in the spectrum. Therefore, it is con-
cluded that for new vehiclea. Winter Methnd Numher 1 ahanld he vaad
for preliminary cstimates of the vibration environment. Then as
measured data becomes available from similar vehicles, this data
:hould be scaled to the new vehicle using the techniques presented in
Section 3. 1. 2.

Based upon the results of Appendix A, a preliminary estimate
of the vibration levels ¢xpocted on two zones of the Saturn V vehicle

has been made using Winter Method No. 1. These levels are given in

Appendix B.

3.1.2 Scaling from Existing Data

Condos and Butler (Reference 3), Barrett (Reference 4), and

Winter (Reference 1) present methods for extrapolating data from one
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vehicle to another. All thrce techniques are similar except that Condos
and Butler, and Barrett use statistical analyses of the data whereas
Winter uses maximum envelopes. Furthermore, Winter normalizes
all data to a common reference acoustic pressure and surface weight
density, whereas Condos and Butler, and Barrett group data according
to vehicle compartment. Since both statistical envelopcs and data nor-
malization are dusirable, it is suggestcd that a combination of these

two methods be used as follows:

1. Select a flight vehicle to serve as the data -ehicle for the
predictions. The principal requirements for a good data
vehicle are as follows. First, it should be similar in
misaion and structural design to the new vehicle for which
the predictions are required. Second, it should have been
the subject of an extensive vibration survey producing
measurements at many different structural locations through-
out the vehicle.

2. Review and edit the data vehiclec measurements to eliminate
thwse dala Which are vbvivusly disivried by wevere clipping,
excessive instrument noise, tape dropout, etc.

3. Separate out all data which appear to be caused by direct
mechanical excitation from the rocket motor. For actual
launch vibration measurements, such data are easily de-
tected since their levels will remain relatively constant
throughout the powered phasc of launch. The acoustic and
aerodynamic induced vibrations, on the other hand, vary
widely as the vehicle passes {rom lift-off through Mach 1
to maximum dynamic pressure. Proceed using only the
acoustic and aerodynamic induced data.

4. Compute power spectra in gz/cps for each vibration mea-
surement during lift-off, transonic flight, and maximum
dynamic pressurc flight.

5. Review the spectra (and the time histories from which they
were computed) for the presence of periodicities, Periodic
componcnts can be detected using the techpniques in Refer-
ence 5. If such periodicities are present, they are probably



due to onboard equipment with rotating parts or self-
excited oscillations. They should be removed from the
data or ignored. Caution must be exercised to avoid con-
fusing narrow band random data due to resonant structure
responsc with such periodicities.

Predict (or determme from mcasurements) the power
spectra in (psi) /cps for the excitation preasures, in the
region of each vibration measurement, due‘to lift-off
acoustic noise, transonic shock wave—boundary layer
interaction, and/or maximum dynamic pressure boundary
layer turbulence. To reduce the number of calculations,
power spectra should first be predicted in 1/3 octave or
octave band widths, and then converted to narrow band
power spectrum levels. Thercfore, determine the average
vibration and acoustic spectrum level (in gz/cp' and psi Icpl)
in each 1/3 octave or octave band of interest.

Calculate the dverage surface weight density in psf for the
structure at each vibration measurement location.

Compute reference power spectrum from each vibration
measurement during each launch event of interest, as
follows: :

2

Ya

G (f) = G (f) =
r vd Gpd(f)

(1)

where

G d(i) measured average power spectrum in
v 1/3 octave or octave bard for vibration

of data vehicle in gZ/cps

Q

n'A

2
]

= measured or predicted average power
spectrum in 1/3 octave or octave band
for exc1tation pressure on data vehicle
in (vsi) 2/cps

w. = average surface weight density for data
vedicle structure at vibration measure-
ment location



lol

Treating the data from each significant launch event
scparately, segregate the refercnce spectra into classi-
fications which correspond to the desired structural zones
for which vibration is to be predicted. This segregation
may be accomplished by either natural selection or pre-
determined zoning. Segregation by natural selection is
accompiished as follows. Visually inspect the reference
spectra for clustering which can be corrclated with specific
structural features. For example, it may be found that the
reference spectra for ring frame measurements arc gen-
erally similar to one another, but significantly different
from the reference spcctra for bulkhead measurements.
Hence, the reference spectra for ring frames would be
treated separately to arrive at vibration predictions which
are only applicable to ring frame vibration. Predeter-
mined zoning means that it has been decided in advance

that separate predictions will be made for ring frame vibra-
tion and bulkhead vibration. Henc+, the reference spectra
are segregated bascd upon the measurement locations, in-
dependent of how the reference spectra may cluster. Note
that after the segregation is connleted (by either procedure),
the reference spectra for diffcrent launch events in each
zone should he comnared for aimilaritv. Tf the dats rlvetesr
over gimiiar limits, tne specira for diffierent iaunch events
in each structural zone should be grouped t' rether and
trcated as a single set.

For each set of spectra rep: esenting a structuiral zone, de-
termine a raw upper prediction limit by selecting a desired
percaniile level for the distribution of the spectra in narrow
contiguous frequency intervals. It is suggested that onc-
third octave frequency intervals be used, although any rela-
tively narrow frequency intervals would be acceptable. The
average values of the reference spectra in each frequ-acy
interval should be uscd to select the desired percentile level.
The actual selection of the percentile level should be as
follows. If at lcast 100 reference spectra are available for
a given structural zonc, select the P percentile level by
computing the level which exceeds 100 P% of the spectra
values. For example, if 100 refcrence spectra are avail-
able, the 0. 975 percentile would be that level which in
greater than 97 and less than 3 of the spectra valucs., If

10



11.

12.

13.

14.

less than 100 reference spectra are available, compute
the desircd percentile level by fitting an empirical distri-
bution function to the spectra values. If an empirical
distribution function is not kncwn, assume a lognormal
distribution applies.

With the raw upper prediction limit for cach structural

zone displayed as a log-log plot ~f spectral density versus
frequency, envelope the raw limits with straight line seg-
ments to obtain a smoothed prediction limit for each zone.

If the diameter of the data vehicle and the new vehicle vary
by more than two to one, then the frequency scale (abscissa)
of the smoothed prediction lirnit for each zone should ve

shifted, as follows.
Dd 1/2
‘n = fd B: (2)

= frequency for new scale

where

f
n

Ld - - - - - - -
Ld — AATYUTULY AU PIrCeuUItLIV LLINLL BCALE

diameter of new vehicle

D
n
Dd = diameter of data vehicle

Predict the average power spectrum (in pliz/cpn), in each
1/3 octave or octave band of interest, for the excitation
presasurcs along the new vehicle due to lift-off acoustic
noise, transonic wave-boundary layer interaction, and/or
maximum dynamic pressure houndary layer turbulence.
Sce the Appendix of Reference | for detaile on how these
predictions may be accomplished.

Estimate the average surface wcight density in psf for the
structure in each zone of the new vehicle corresponding to
a gone in the data vehicle. If the average surface weipht
density varics significantly in a given structural zone, use
a value appropriate for the liphtest structure in the zone.

11



15.

16.

17.

Compute an upper prediction limit for the power spectrum
of the vibration in cach structural zcone of the new vehicle
as follows:

G n(f)
Gn(f) = G‘ (f) "E—‘z (3)
W
n
where
G‘ (f) = upper prediction limit, in a 1/3 octave or
octave bandwidth, dztermined from the ref-
erence spectra for a given zone in g¢/cps
Gpn(f) = predicted power spectrum, in a 1/3 octave

or octave ‘bandwidth, for excitation pressure
on the given zone of the new vehicle in psi

w_ = average surface weight densit; for the struc-
ture of the given zonc for the new vehicle

~

If the reference spectra for the vibration during various

. $82mnnmt Vawemak ebm weem m rmmdh Lo oI A O . °e . .
SIGTISLTLNL ALUNISN SVTNLE Was Gl 4lhin e wy ssnasama ans

step 9 then a different function Gy(f) will be needed to
predict the vibration for each significant launch event.
Otherwise, the same G;(f) function will apply for all
launch events.

If the power spectrum levels G,(f) that have now been
determined, are based on 1/3 octave or octave band mea-

" surements, then a correction factor must be applied to

Gn(f) to account for the averaping cffect over the band-
width. According to Reference ¢, a Gg(f) based on 1/3
octave band or octave band data should be multiplied by

a factor of 3 or 5 respectively, to result in the proper
G,(f) which would regult from a narrow band power spec-
trum prediction. )

With the vibration predictions for cach structural zone of
the new vehicle displayed as 2 log log plot of spectral
density versus frequency, envclope the predictions with
straight line segments to obtain a smoothed prediction
for each zonec.

12



3.2 MECHANICALLY INDUCED VIBRATION

The only method which has bee -roposed for scaling mechanicauy
induced vibration is the method prop.sed by Barrett in Reference 3.
Therefore, it is recommended that this mcthod be used in all instances
for this type of vibration. Note that this procedure, however, should
be applied only to those structural zones where the data do not vary sig-

nificantly during launch, as determined in step 3 of Section 3. 1. 2.

13



4. RECOMMENDATIONS FOR FURTHER DEVELOPMENT

As 2 result of the present study, it is recommended that further
work be performed to improve extrapolation, model, and statistical
energy methods. The model and statistical energy methodo are recom-
mended because, in time, they appear to hold the grcatest promise for
replacing or complementing extrapolation methods. The extrapolation
method, although currently the most workable, needs significantly more
development to interpret properly data that are used in preparing a
frequency response function, and to define adequately the effects of
such parameters as vehicle diameter, equipment weight, boundary
layer noise efficiency, transonic excitation efficiency acoustic noise
efficiency, etc.

Specific recommendations for further development of these methods
are given in the paragraphs which follow. Additionallv 't is recom-
mended that, at the present time, further development work be limited
on classical and multiple input methods because of their inherent diffi-
culties and mathematical intractability for all but the most simplified

and idealized structures.

4.1 EXTRAPOLATION APPROACH!

A significant improvement in extrapclation approaches will be
realized by accomplishing three separate tasks. The first task is con-
cerned with determining, with greater accuracy, the relative efficiencies
of acoustic noise, transonic excitation, and acrodynamic noise, in in-

ducing vibration in a atructure. The second task is concerned with

14



:lefining empirically, in greater detail, the frequency response function,
and the effect of structural parameters upon the resulting vibration.

The third task is concerned with improving methods for predicting me-
chanically induced vibration. A discussion of these tasks is given

below.

4.1.1 Determining Relative Efficiencies of
Acoustic Noise, Transonic Buffet, and
Aerodynamic Noise

A previoug analytical study has been performed reliting the rela-
tive efficiency of acoustic and boundary layer noise (Reference 6) in
inducing vaibration in structures, ° In addition, limited studies (Ref-
erences 7 and 8) on a small quantity of data have determined this rela-
tionship empirically. Uniortunatelyj. the results have shown a great
deal of scatter and, of course, do not inclt;de data which is now avail-
aiic.

The vibration environment caused by fluctuating pressures en-
countered during' transonic flight has received even less attention. For
one thing, no notable attempt has been made to determine analytically
"equivalent acoustic fields" for transonic shock wave—houndary layer
irteractior. Also, no empirical studies have been undertaken.

Ir "ight of the above discussion, the following tasks are suggested
to determine the actual efficiencies of acoustic noise, transonic ex-

v ..ation, and boundary layer noise.

Task 1 Perform a study to determine, analytically, the relative
efficiency of acoustic noise and transonic excitation in in-
ducing random response in typical flight vehicle structure.

15



Task 2  Utilizing the analytical relationships determined from
Reference 6, and Task ]} above, perform statistical anal-
vges on all applicable available flight data to determince
tne most realistic efficicncy conversion factors relating
acoustic noise, transonic excitation, and aerodynamic
noise in their ability to induce vibration in a structure.
Take into consideration the possible effects of non-
linearities. Part of this task will b to investigate all
data prior to usc to ensurc that proper reduction tech-
niques have been utilized (stationary versus nonstationary,
sine versus random, etc.) and to cnsure that corrections
are made to tke data to account for finite transducer size.

4.1.2 Determination of Frequency Response Function
and Effect of Structural Parameters

Many of the problems that have arisen in the past in developing
and using frequency response functions stem from the fact that the raw
data were improperly analysed and improperly normalized in develop-
ing the frequency response function. Some of the inadvertent errors

or oversishta that have heen made in thae nagt include the following:

1. Nonstationary data have been analyzed as stationary

2. Sinusoidal data have becn analyzed as random data.

3. Data which have exceedcd band-edge and, hence, have
been '"clipped’ during acquisition have been used without

corrections.

4. Corrections have not been applied to the data to account
for the effect of the data acquisition system noise floor.

5. Corrections have not bcen applicd to the data to account
for the frequency response characteristics of the data
acquisition and reduction systems.

6. The effect of accelerometer mounting block resonances
has not been considercd in analyzing the data.

16



7. Measurements made on skin, equipment mounting points,
and internal equipment items have been grouped together
indiscriminately.

8. The structural weight parameters which affect response
have not been properly considered. For example, the
weight of the external skin pancl alone is not sufficient,
since internal airframes, plumbing, and other equipment
items will all affect the response. The questiun is, how
much do these individual items affect the response, and
to what extent?

As a result of the errors and problems listed above, it is recommended
that a new frequency response function be derived from data taken on
several types of vehicles, taking care to consider all the factors item-
ized above., If these factors are not considered, no real progress can

be expected to be made in improving the usefulness of frequency response

functions. As a result, the following program is recommended.

1. Assemble data from several renresantative vahicles

2. Obtain a detailed description of all parameters suspected
of affecting vibration response.

3. Remove all sinusoids and questionable data.

4. Apply correction factors to data, where necessary, to
account for frequency response characteristics of data
acquisition and reduction systems.

5. Remove from the data all samples which appear to be
causcd by direct transmission through the vehicle struc-
ture from the rocket motor.

6. Perform statistical analyses on the data, taking into
consideration those parameters belicved to affect sig-
nificantly the vibration response.

7. Based on the results of item 6, determine the best form
of the frequency response function and the effect of
scaling parameters. Determine confidence limits for
the frequency response function.

17



4.1.3 Jmproving Techniques {or Predicling
Mecchanically Induced Vibration

The only extrapolation mcthod available for predicting mechani-
cally induccd vibration levels is the one developed by Barrett (Ref-
crence 3). This method and its derivation appear rea‘sclmable for use
on vehicles similar to Saturn I if properly intcrpretcd.’. However, be-
fore it can be applied with any degree of confidence to significantly

different vehicles, the followirng points should be considered.

l. In the development of the prediction technique, it is
assumed that the ratio of vibration power to potential
mechanical power is the same for both the reference
vehicle and the -new vehicle. The mechanical power is
expressed as the product of rocket engine thrust and
rocket engine exhaust gas velocity. It is reasonable to
suspect that this ratio is not constant, and will vary,
for example, with diffcrences in mechanical impedance
between the motor and the thrust structure.

- wmeamdlmee Lo s . ¥ N .o LI - o .
.A... :t':wnnu-‘ssuto ABCEUA WAL LARVD ALV aLLUunL Lt eLecy

of component mass loading on the new structure is given

Iv
.

as
wn
FW +w
n c
where
Wn = total weight of new beam structure
Wc = weight of a component mounted in this area

This attenuation factor does not scem reasonable since even a very heavy
component would not appreciably affect the ratio of (wn)/(wn + Wc) . It
appears that the weight of the local structure surrounding the component

should be used instead of the quantity Wp . Further modification to the

18



attenuation factor is also necessarv if components are mounted near
data pickups on the refercnce vehicle.
Thus the equation for the prediction of mechanically induced vibra-

tion can be rewritten as follows:

Wr Tn Vn wn wr + wu_
Gnm * Gr(n w T V w o+w w (4)
n rr n cn r
where

Gn(f) = predicted power spectrum for the hration of a
apecified local area of the mechanically excited
structure of a new vehicle, in g/cps.

Gr(f) = power spectrum for the vibration measured on a
specified local area of the mechanically excited
structure of the reference vehicle, in g&/cps.

w - m.ishf nf thae antire refarenrcre alructnre
r
Wn = weight of the entire new structure
w_ = weight of a local section of structure on the new
n vehicle
w = weight of components on the local section of new
cn vehicle structure
wr = weight of a local section of structure on the reference
vehicle
wcr = weight of components on the local section of reference

vehnicle structure

In light of the above two points, the following program is proposed:

1. Acquire mechanically induced vibratica data from a
wide range of vehicles. Also asscmble other vehicle
parameters such as thrust, weight, structural descrip-
tions, etc., as required below.

19



2. Detcrmince the ratio of the vibration power to potential
mechanical power for liquid and solid motors for various
structural types and motor mounting configurations.

3. Look at both loaded and unloaded mechanically excited
structure to evaluate the effect of component mass loading
for various types of structure.

4. Using multiple regression analyscs, determine an optimum
prediction technique for mechanically induced vibration.

4.2 MODEL APPROACH

Due to the distributed nature of structur~s and environmental ex-
citations, the simulation procedures for ordinary dit‘erential equations
are not applicable. What is required is a modeling procedure for partial

differential equations wherein the procedure is:

1. suitable for gross vehicle behavior as well as the
vibratory response of local structure

2. amenable to random loadine ats well as arbitrary

N e Lt (L S SO TR SRt RS Sy
UCLE L 11104840 VoL AMIAC BAVIELG UL DAL UM AR

3. convenient for parametric variations in either the
structural configuration and/or the input excitation

4. convenient for modification to include test data from
experimental studies and/or flight test programs.

One such approach, allowing for the above requirements, employs
elcctrical analog and energy concepts to devclop a basic model which
is equivalent to a discretized physical model, or a form of finite differ-
ences mathematical model. By initially using this "circuitous"
approach, the resultant electrical model can accommodate nonuniform
geometries and physical properties, and is topologically similar to a
d.scretized mechanical model. Thus, if decired, the equivalent me-

chanical counterpart can be selccted for ostudy in lieu of an analog
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circuit. Such models are available for structural components as
Bernoulli- Zulev becams, Timoshenko beams, curved beams, flat plates
of both rectangular and circular gecometry, shear pancls cof arbitrary
peometry, and cylindrical shells.

. By being aware of this circuitous approach, mei_._h'ods of circuit
anaiytil and synthesis now can be employed directly to examine struc-
tural problems in addition to those more well-known techniques associ-
ated with discrete system dynamics and finite difference analyces.
‘Conversely, existing large scale digital computer programs can be used
to analyze such models rather than.'only on analog circuits per se.

To further implement this n;l'odeling approach in order to more
closely simulate realistic physical systems (.his is in contrast to ideal-

ized analytical modelq), several tasks should be considered:

1. develop methods for routinely modifying the existing
haric modela incarnaratine chanoes dictated hv avneri-
mental resuits such as impedance mcasurements. it is
believed that model simplification wili result

2. examine methods for including nonlinearities

3. examine attenuation characteristics of existing structural
design with a view toward design modification to minimiz.
response at any arbitrary position (say an attachment loca-

" tion for guidance equipment)

4. cxamine circuit analysis tcchniques with a view toward
structural dynamics applications

5. eoxamine methods for extending resolution of analog models
at higher frequencies. This task would include methods
for approximating the higher frequency effects cn rms and
peak responscs

6. examine methods for efficiently gimulating random input
excitations with arbitrary spatial correclation functions
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7. examine mecthods for converting an analog model to a
modal simulation. Other than engincering interest, this
task could prove usefu. in support of other digital com-
puter analyses. For example, the effect of a local struc-
tural change for (1) the model characteristics of the
vehicle and or (2) the local dynamic characteristics at
another location can be assessed.

4.3 STATISTICAL ENERGY APPROACH

The statistical energy approach to vibrarion and acoustic predic-
tion, when used properly, can be an extremely powerful tool. When
improperly applied to the wrong type of problem it is just as useless
as any misapplied technique. Because of its relative newness and
novelty of approach it has not been accepted with confidence by de-
signers. By continued research, the conditions of applicability and
required assumptions can be madec more definite and improved confi-
dence can be placed in the results.

While tlicsc iv & need {0 expand the general theory, the most
pressing need is for documented proof of the validity of the assump-
tions. This must come by a combined program of theore¢tical and ex-
perimental research. Specifically, the concept of energy flow in multi-
element systcms must be investigated. Only when this ie thoroughly
cxamined, and means are developed for generating the coupling factors
in a satisfactory manner can the mecthod be considered as truly work-
able. Research must be diiected toward these coupling factors and
ways to determiine the.m, both analytically and experimentally.

Because the main advantage of the statistical energy approach lics
in averaging over a frequency band or over many vibrating modes, itis
imperative to know how sensitive the result is to the averaging proccdure.

Confidence bounds on thz predictions as a {function of the bandwidth, modal
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Jensity and other factors must be develeped. They must be developed
analytically and checked with well designed physical experiments. This
type of analysis is very necessary, for if the variance of the prediction
is very high, the confidence in the result is low and the net result may
be no better than a prediction based upon cxtrapolation or other methods.
This naturally leads to a study which will determine the optimum method
of analysis to be used in any circumstance.

In summary, tbe needed research can be broken down into several

explicit tasks. These are listed below:

1. Development of general theory for multi-element
systems

2. Check validity of assumptions from physical point
of view

3. Deterinine sensitivity of analysis to assumptions

4. Decvclop theoretical and experimental techniques for
couvline factor determination

5. Develop confidence estimates for predictions

23



REFERENCES

i,

"Summary of Random Vibration Prediction Procedures, "
Measurement Analysis Corporation Report MAC 504-18,
dated May 1967. .
Wiley, D. R., and Seidl, M. G., “"Acrodynamic Noise Tests on
X-20 Scrie Models, Volume 1I, Summary and Analysis Report, "
AFFDL-TR-65-192, Volume II, datcd November 1965.

C~ados, F. M., and Buticr. W. L., "A Critical Analysis of
Vibration Prediction Techniques,' Proc. Inst. of Environmental
Sciences Annual Technical Meeting, Los Ang-les, California,
1963. ‘

Barrett, R. E.,"Techniques for Predicting Localized Vibratory
Envircnments of Rocket Vehicles, "' NASA TN D-1836, dated
October 1963.

Bendat, J. S., 'and A. G. Pjiersol, Mcasurement and Analysis
of Random Data, pp 223-225, John Wilcy & Sons, Inc., New York,

1966.

Bies, D. A,, "A Wind Tunnel Investigation of Panel Response to
Boundary Layer Pressure Fluctuations at Mach 1. 4 and Mach 3.5, "
NASA CR-501, dated May 1966.

Bies, D. A., "A Rcview of Flight and Wind Tunnel Measurements
of Boundary Layer Pregsure Fluctuations and Induced Structural
Response, ' NASA CR-626, dated October 1966.

Steward, D. A., "Summary of Data on the Relative Efficiency of
Rocket Noise and Boundary Layer Noisc in Inducing Structural
Vibration, "' Douglas Aircraft Company, Memorandum Number
A2-260-ABD1-117, dated Dcecember 21, 1964.

J. M. Brust and H. Himelblau, "Comparison of Predicted and
Measurced Vibration Environments for Skybnlt Guidance Equipment, "
Bulletin No, 33, Shock, Vibration and Associated I'rivironments,
Part III, pp 231-230, Departmcent of Defense, Washington, D. C.,
March 1964.

24



APPENDIX A

COMPARISON OF FREQUENCY RESPONSE FUNCTION METHODS
WITH MEASURED DATA

To compare results using several prediction procedures with
static firing data, a zone from the Saturn I, Block II vchicle was selected.
The unloaded tank skin structure of zone 5-1 was chosen because it offered
the only readily usable data available from Saturn I. Although several
accelerometers were located on tanks during testing, most of these mea-
sured low vibration levels apparcntly duc to the liquid within the struc-
ture. However measurement location 84. 0027-4 (tank F-4, station 859)
just aft of the forward full bulkhead appeared to be above the liquid
surface during data acquisition. Available data from this location con-
sistrd of ninc plots of Brme VETSUS frequency from vehicles SA-8, 9,
and 10. To convert these data to the mare usahle nawer ancctrum form
points were selected at 50 cps intcrvals from 0-2000 cps. Then the
8Brms value forzeach point was squared and divided by the filter bandwidth
to produce a g /cps value for each point. These data points are shown in
Figure A-1. Also shown on the figure are a few selected 95th percentile
points determined from the data.

The prediction of vibration levels for zone 5-1 required sound
pressure levels during static firing and the tank skin surface weight
density, which are given in Figurc A-2. The derivation of predicted
levels using the Winter, Franken, and Brust and Himelblau proccdures
is described in the following parapraphs. The rcsults are plotted on

the data of Figure “ -1.
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Static

Octave Geomctric Firing

Band Mean Octave Band

Frequency Acoustic

Levels
37.5-75 ‘53 139.8
75-150 106 143.8
150-300 212 146.8
300-600 - 425 .. 148.3
600-1200 850 142. 8
1200-2400 1700 139.8

H [ ) n
= __ ]

Tank skin thickness = 0. 090 per 30M00045
W = (0. 1)(144)(0. 090) = 1.3 lb/ft2

Figure A-2. Saturn I, Block II, Zone 5-1 Octave Band
Sound Pressure Levels and Skin Weight Density
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The numerical details of the Winter proccdure arc shown in Fig-
ure A-3. The values given in Column 6 were picked from the Winter
frequency rcsponse function curve of Figure A-4. Thesc values, when
combined with the quantities in Column 5 (sourd pressure minus
20 logm W), yield a vibration level in dB for cach octave band. In
Column 8, each value has been converted to a quantity in g's using the

following relation:

i!()loglogi=d!3i i=12,...,6

where

g * value of g in ith octave band

dBi = wvalue in Column 7 for ith octave band

Column 9 is vbtained as follows.

2
2 (81’
(g /<=p-)i = -?i-

where

Bi = bandwidth of the ith octave band

The final step consists of multiplying the gzicps values in Column 9 by
five to convert the widecband levels to narrowband levels to account for
the averaging cffect of the filters (Reference 9).

The Franken procedure (Figurc A-5) is similar to that of Winter

but differs in the method usecd to sclect the trancfer function values of
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Column 6. The Franken transfer function curve (Figure A-6) has an
abscissa in frequency times vehicle diameter (cps-ft). To convert to
a frequency scale, the abscissa is divided by the tank diameter

(70 inches £ 6 feet). Then a value rnay be sclected from the curve for
each octave band geomctric mcan frequency. The wide band predicted
levels in gzlcps are multiplied by five to convert to the narrow band
levels shown in Column 10.

The Brust and Himelblau procedure does not actually apply to the
prediction of skin levels. To alleviate this problem, 95th perceantile
curves were drawn as shown in Figures A-7 and A-8 and uscd in place
of the 60th percentile curves. The predicted wideband results are
shown in Column 4 of Figure A-9. The narrow band predicted levels
{wide band times 5) are shown in Column 5.

A final predicted spectrum level for Saturn I has been determined
from the Winter Method by enveloping the octave band levels as shown
in Figure A-10. As can be seen, this predicted level envelopes the data
very well except that it underpredicts the pcak of the spectrum by a

factor of approximately 4.
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Figure A-6. Franken Transfer Function
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APPENDIX B

SAMPLE PRZDICTION OF VI3BRATIUN LEVELS
FOR SATURN V

This section presents predicted vibration levels for two selected
sones on the Saturn V vehicle. These zones are the center skirt skin
gzone 5-2-2 and the forward skirt skin zone 7-2-2. The final results
using the Winter procedure are shown in Figures B-1 and B-2.

The prediction calculations are similar to those presented in
Appendix A, and are shown in Figures B-3 and B-4. The acoustic
levels in Column 3 were obtained by converting static firing data to
octave band data. The frequency response function values shown in
Column 6 were obtained from Figure A-4 by shifting the frequency

scale according to the following relationship:

o \1/2 1/2
=] 4 =19 =0.55¢
= D_ PR BT fg=0-551,

where

oy
"

frequency of new vehicle

[
]

frequency of old vehicle

diameter of data vehicle (for Winter's FRF,
Dy = 10 feet)

diameter of new vehicle

o
"

O
"

Bl



Thus each frequency for the Saturn V vehicle is 0. 55 times the data
vehicle frequency. The frequency response function with the shifted

frequency scale is shown in Figure B-5.
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Figure B-1. Predicted Levels for Zone 5-2-2 Center Skirt Skin
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